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Although synaptic depression has been found at aUnited Kingdom
number of synapses that transmit graded potentials, its
characteristics have not yet been described in detail.
Large, second-order ocellar neurons of locusts (“L neu-Summary
rons”) offer excellent opportunities to characterize syn-
apses that transmit graded potentials (Simmons, 2002).Second-order neurons L1-3 of the locust ocellar path-
The relatively large size and accessibility of their axonsway make inhibitory synapses with each other. Al-
makes it possible to make simultaneous intracellularthough the synapses transmit graded potentials,
recordings from presynaptic and postsynaptic neurons.transmission depresses rapidly and completely so that
Also, L neurons have large space constants (Wilson,a synapse only transmits when the presynaptic termi-
1978b; Ammermu¨ller, 1986) and simple morphologiesnal depolarizes rapidly. The rate at which a presynaptic
(Goodman, 1974), which means that intracellular signalsneuron depolarizes determines the rate at which a
experience almost no decrement as they travel frompostsynaptic neuron hyperpolarizes, and neurotrans-
synaptic sites to a recording electrode.mitter is only released during a fixed 2 ms long period.
L neurons L1-3 of a lateral ocellus make both excit-Consequently, the amplitude of a postsynaptic poten-
atory and inhibitory output synapses. The excitatorytial depends on the rate rather than the amplitude of
synapses can sustain transmission indefinitely (Sim-a presynaptic depolarization. Following a postsynaptic
mons, 1981, 1993). In contrast, the inhibitory synapsespotential, a synapse recovers from depression over
transmit transiently, no matter for how long a presynap-about a second. The synapse recovers from depres-
tic depolarization lasts (Simmons, 1985). The inhibitorysion even if the presynaptic terminal is held depo-
synapses are made reciprocally between L1-3 (Sim-larized.
mons, 1982a), and electron microscopy has shown that
they are located on the stubby processes of the terminalIntroduction
arbors of L1-3 in the protocerebrum (Littlewood and
Simmons, 1992). The ultrastructure of individual con-A sigmoid relationship between the amplitudes of pre-
tacts at both types of synapse is typical of insects,synaptic and postsynaptic potentials is generally be-
with a bar-shaped structure in the presynaptic terminallieved to characterize the transfer of signals across
associated with clusters of vesicles. The inhibitory syn-chemical synapses. It was first revealed at the squid
apses consist of a few tens of discrete contacts (Lit-giant synapse in experiments in which pharmacological
tlewood and Simmons, 1992), whereas the excitatoryagents blocked the channels responsible for generating
synapses consist of several hundred discrete contactsimpulses (Katz and Miledi, 1967). The relationship arises
and particularly large, dense clouds of vesicles (Sim-from the properties of voltage-activated calcium chan-
mons and Littlewood, 1989; Leitinger and Simmons,nels that control the release of neurotransmitter (Llina´s
2002).
et al, 1981). At many synapses, however, the relationship
The inhibitory postsynaptic potentials (IPSPs) are only
between presynaptic and postsynaptic potentials changes
produced in response to rapid depolarizing potentials
as a result of depression or facilitation. Synaptic depres- in the presynaptic neuron and not by slow changes in
sion and facilitation are both widespread, particularly in presynaptic potential. Rapid depolarizing potentials in
sensory pathways where they can serve a number of L neurons are regenerative responses produced when
functions (Fortune and Rose, 2001). hyperpolarizing potentials end, usually triggering small
Some neurons in both sensory and motor systems rebound spikes (Ammermu¨ller and Zettler, 1986). A re-
operate without all-or-none impulses, and their output bound spike is often triggered after a pulse of light (Wil-
synapses convey small, graded changes in potential. son, 1978b). Rebound spike amplitude is graded, deter-
Synaptic depression occurs at some of these synapses, mined by the amplitude and the duration of a preceding
and it can shape signals by ensuring that postsynaptic hyperpolarizing pulse, and there is a sigmoid relation-
responses to changing stimuli are enhanced relative to ship between the amplitude of a rebound spike and an
responses to sustained stimuli. Many neurons in the IPSP (Simmons, 1982a, 1999). It was suggested (Sim-
early visual systems of vertebrates and invertebrates mons, 1985) that fast decrement in transmission at the
operate with small, graded changes in potential, and inhibitory synapses could make them sensitive to the
synaptic depression is probably an important mecha- rate of a presynaptic depolarization. The principal aim
nism for adaptation in early visual processing (e.g., ver- of the work reported here was to test this suggestion
tebrate retina, von Gersdorff et al., 1996; Burrone and by using a voltage clamp to generate different rates
and amplitudes of change in presynaptic potential. I
demonstrate that these synapses have the novel prop-1Correspondence: p.j.simmons@ncl.ac.uk
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Figure 1. Characteristics of an L Neuron un-
der Current and Voltage Clamp
(A) Diagrammatic representation of an L1-3
neuron, indicating locations of the voltage re-
cording (Vvc) and current injecting (Ivc) elec-
trodes of the voltage clamp and of a second,
independent recording electrode (V2). An
axon about 1500 m long and 15 m wide
connects the lateral ocellar retina with the
terminal arbor in the brain. The three L1-3
neurons lie alongside each other and have
the same morphologies. Inhibitory output
synapses between L1-3 neurons occur in the
terminal arbor. (B) Rebound spike with a
13mV peak recorded simultaneously at Vvc
(solid line) and V2 (dotted line). The spike was
triggered by the end of a 200 ms long, 10
nA pulse of current injected in current clamp
mode (current not shown). (C) Sinusoidal
changes in membrane potential, under volt-
age clamp control. The frequency of the sine
waves was 3.7 Hz on the left and 143 Hz on the right. At the higher frequency, the clamp was unable to drive the neuron to the amplitude
set by the command, but the voltage changes recorded by Vvc and V2 were almost identical. (D) Responses to a step command applied to
the voltage clamp, which depolarized the neuron to 11mV from dark resting potential. In (C) and (D), traces from the two voltage recording
electrodes are slightly displaced vertically from each other. Calibrations for voltage and current are the same in (C) and (D).
erty that transmission depresses so rapidly that the am- creased up to 40 Hz. When frequency was increased
beyond 40 Hz, the amplitudes of the voltage changesplitude of an IPSP depends on the speed rather than
on the amplitude of a presynaptic depolarization. decreased, but the current increased. At the higher fre-
quencies, the only difference in the voltage changes at
the two recording electrodes was a very small phase
Results
lag during the negative-going part of each cycle (right
recording, Figure 1C). The amplitude of voltage changes
L Neurons under Current and Voltage Clamp
recorded by the independent electrode was still the
To determine the transfer characteristics of an inhibitory
same as that recorded through the voltage clamp ampli-
synapse between a pair of L1-3 neurons, separate mi-
fier. The maximum speed with which an L neuron could
croelectrodes were used to record and control voltage in
depolarize in response to a step command to the voltage
the presynaptic neuron. A third microelectrode recorded
clamp (Figure 1D) varied between 8 and 20mV/ms in
IPSPs. The three electrodes were inserted into axons in
different preparations. For comparison, an L neuron de-
the lateral ocellar nerve or tract within 200 m of the
polarizes at a speed of 15–20mV/ms during a large re-
origin of the nerve from the brain. Although the inhibitory
bound spike. When a step command was fed into the
synapses are located on the stubby processes of the
voltage clamp, the maximum speed at which membrane
terminal arbors of L1-3 (Littlewood and Simmons, 1992;
potential depolarized at the independent recording elec-
Figure 1A), voltages recorded by the electrodes are
trode was at least 70% of the speed at the voltage clamp
close to those occurring at synaptic sites because the
recording electrode.
space constant of an L neuron is rather greater than the
overall length of its axon (Wilson, 1978b; Ammermu¨ller,
1986; Simmons, 1986). This is illustrated in Figure 1B, Synaptic Transfer Characteristics
The graded nature of transmission at an inhibitory syn-which shows that rebound spikes occurred simultane-
ously and with almost identical amplitudes at different apse between two L1-3 neurons is most readily demon-
strated by eliciting a series of rebound spikes of differentlocations along the axon.
A two-electrode voltage clamp was used to control amplitudes in the presynaptic neuron (Simmons, 1999).
There is a clear relationship between the amplitude ofthe rates and amplitudes of voltage changes in the pre-
synaptic neuron. In order to judge whether voltage a presynaptic spike and the IPSP it mediates (Figure
2A). However, I now demonstrate that it is not the ampli-changes recorded by the recording electrode of the volt-
age clamp were the same as those occurring elsewhere tude of a presynaptic depolarizing potential that deter-
mines IPSP amplitude. Instead, a combination of twoin the neuron, four experiments were conducted in which
all three electrodes were inserted into the same L neu- other factors is responsible. First, the rate at which post-
synaptic membrane potential changes during growth ofron. Driving the voltage clamp with sinusoidal (Figure
1C) and step (Figure 1D) command signals showed that an IPSP is determined by the rate at which presynaptic
potential depolarizes. Second, the time during which anthe voltages measured through the recording electrode
of the voltage clamp were, indeed, an accurate repre- IPSP can grow is strictly limited. Spike amplitude is
related to IPSP amplitude because both depend on thesentation of changes occurring along the length of the
L neuron axon. For a command sinusoidal waveform rate of presynaptic depolarization.
The transfer characteristics of inhibitory synapses be-of constant amplitude, the peak-to-peak voltage and
current remained constant when frequency was in- tween L1-3 are illustrated by the recordings shown in
Rate-Sensitive Synapse
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Figure 2. Recordings of Presynaptic and
Postsynaptic Potentials to Illustrate Synaptic
Transfer Characteristics
(A) IPSPs mediated by presynaptic rebound
spikes of three different amplitudes, each trig-
gered by the end of a pulse of hyperpolarizing
current (data not shown). Each spike and the
IPSP it corresponds with are indicated by the
same line style. (B) Long-lasting presynaptic
potentials evoked brief IPSPs. Under voltage
clamp control, the presynaptic neuron was de-
polarized from 9mV to 5mV by pulses last-
ing 600 ms (membrane potential is expressed
relative to dark resting potential throughout this
paper). Two single IPSPs and the average of
seven IPSPs (bolder line) are shown. (C and
D) The presynaptic neuron was depolarized
from 5mV to 12.5mV by ramps of three
different speeds. IPSPs are averages for six
identical repetitions of presynaptic ramps. A
presynaptic ramp and the IPSP it corre-
sponds with are shown with the same line
style. The three speeds at which the presyn-
aptic terminal depolarized were 10.1, 7.5, and
2.6mV/ms, and these elicited IPSPs of ampli-
tude (mean and SD) 3.5  0.21, 2.2  0.20,
and 0.9 0.21mV. In (D), each averaged IPSP
is scaled relative to its maximum amplitude.
(The IPSPs appear slightly displaced from
each other because each sweep was aligned
relative to the start of each presynaptic ramp
rather than to the start of the IPSP.) (E) IPSP
amplitude depends on the speed rather than
amplitude of a presynaptic depolarization. In
each set of recordings, the presynaptic neu-
ron was depolarized from 5mV to 11mV (solid traces) or 31mV (dotted traces) at a rate of 7.0mV/ms (left recordings) or 4.4mV/ms (right
recordings). Averaged IPSPs from seven identical ramps in the presynaptic neuron are shown. Presynaptic current is not shown in (C)–(E).
Figure 2 and by the measurements plotted in Figure 3. reached its peak amplitude at a fixed time after it had
started. In other words, the duration for which an IPSPThese are from two experiments in which a presynaptic
neuron was driven by ramp changes in voltage. In these grew was constant, independent of its rate of growth.
This point is emphasized in Figure 2D, which showsexperiments and a further three, artifacts caused by
capacitative coupling between the electrodes were suf- the same IPSPs as in Figure 2C scaled relative to their
maximum amplitudes.ficiently small to allow measurements to be made di-
rectly from original recordings. The conclusions drawn The way that the amplitude of an IPSP depends on
the rate rather than on the amplitude of a presynapticfrom these experiments were supported by a further six
in which a computer was used to subtract coupling depolarization is illustrated directly by the recordings in
Figure 2E. This shows the averaged IPSPs mediated byartifacts from the original recordings.
The brief duration of an IPSP is illustrated in Figure 2B, two different speeds of ramp change in presynaptic
potential, with two different amplitudes of ramp for eachwhich shows that an IPSP mediated by a long-lasting,
steady depolarization of the presynaptic neuron had the speed. For each speed, the larger presynaptic depolar-
ization and the average IPSP it mediated are indicatedsame duration as an IPSP mediated by a presynaptic
spike (Figure 2A). Both the IPSPs grew to a peak hyper- by dotted lines, and the smaller depolarization and the
average IPSP it mediated are indicated by solid lines.polarizing potential within 4 ms of starting. Because the
voltage clamp controlled presynaptic potential in Figure The recordings shown in Figures 2D and 2E also show
that faster rising, larger IPSPs decayed more rapidly2B, it is unlikely that hyperpolarizing potential changes
in the presynaptic neuron were responsible for curtailing than slower rising, smaller amplitude IPSPs. It was not
possible to determine exactly when postsynaptic poten-transmission.
The way that the growth of an IPSP depends on the tial returned to dark resting potential following a small
IPSP. However, it is unlikely that the synapses can sus-rate of presynaptic depolarization was shown by using
the voltage clamp to depolarize the presynaptic neuron tain transmission, because steps of hyperpolarizing cur-
rent in presynaptic neurons did not evoke depolarizingat different rates (Figures 2C and 2D). Figure 2C shows
an averaged IPSP for each of three speeds of presynap- postsynaptic potentials.
Figure 3 provides quantitative results from two experi-tic depolarization. It illustrates that the rate at which
postsynaptic potential changed during growth of an ments in which the presynaptic neuron was driven with
ramp depolarizations. Figures 3D–3F also plot measure-IPSP was related to the rate at which the presynaptic
neuron depolarized. It also shows that each IPSP ments for IPSPs mediated by rebound spikes in the
Neuron
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Figure 4. IPSCs and IPSPs Evoked by Rebound Spikes in a Presyn-
aptic L Neuron
A single electrode was used both to inject current into and record
spikes from the presynaptic neuron. Two electrodes were placed
in the postsynaptic neuron to record either the PSP or the PSC.
(A) Single IPSC and IPSP evoked by spikes that depolarized the
presynaptic neuron to 12mV. (B) Averages of five IPSCs and IPSPs
evoked by the same amplitude of presynaptic spike, displayed at
a faster time scale than (A). The IPSC began to develop about 2 ms
after the presynaptic potential crossed dark resting potential.
of an IPSP it mediated (Figures 3A and 3D). However,
the rates of change of presynaptic and postsynaptic
potential were clearly related to each other, and the data
points were fitted well by sigmoid functions (Figures 3B
and 3E; details in legend). The amplitude of an IPSP was
a linear function of its maximum rate of hyperpolarization
(Figures 3C and 3F), and the slope of the relationship
(IPSP amplitude/IPSP rate) gives a good measure of the
rise time of an IPSP. The average value for IPSP riseFigure 3. IPSP Speed and Amplitude Depend on the Rate of Presyn-
aptic Depolarization time from all eight experiments was 4.0 ms (range 3.6–
(A)–(C) are from one experiment, and (D)–(F) are from another. In 4.6 ms).
(D)–(F), results are plotted both for ramp changes in presynaptic
potential (filled circles) and for presynaptic spikes (open circles). (A
IPSC Rise Timeand D) Plot of the amplitude of peak presynaptic potential against
Changes in membrane potential are smoothed by theIPSP amplitude. (B and E) Plot of maximum rate of presynaptic
depolarization against rate of hyperpolarization during an IPSP. The cable properties of a neuron. Consequently, the duration
curves plot the best-fitting sigmoid relationships. Equations for the for which an IPSP grows is longer than the duration for
curves, in which rIPSP is speed of hyperpolarization during an IPSP which neurotransmitter is released and able to act on
and rpre is speed of presynaptic depolarization, were (B): rIPSP  0.99/ ligand-gated channels in the postsynaptic membrane.(1  exp(rpre  5.0)/1.7), R2 for fit of data 0.87 (n  120); (E), for
In order to find more exactly a limit to the duration forramps rIPSP  0.84/(1  exp(rpre  0.4)/1.6), R2 0.94 (n  75), and
which transmitter is released, inhibitory postsynapticfor spikes rIPSP 1.00/(1 exp(rpre 4.6)/1.0), R2 0.88 (n 25). (C
and F) Plots and linear regression lines for rate of hyperpolarization currents (IPSCs) rather than IPSPs were recorded from
versus amplitude of IPSPs. The slopes of the regression lines are the postsynaptic neuron. In these experiments, the volt-
a measure of IPSP rise time. In (C), the slope was 4.5 ms (R2 0.92; age clamp was used to record from the postsynaptic
n  120); in (F), for presynaptic ramps the slope was 3.6 ms (R2
neuron rather than to drive the presynaptic neuron. Fig-0.92; n  75), and for spikes the slope was 4.0 ms (R2 0.95; n  25).
ure 4 shows recordings typical of four experiments. Pre-In this figure, the negative sign of IPSPs is ignored to enable sigmoid
synaptic stimuli were rebound spikes elicited and re-functions to be fitted in (B) and (E).
corded using a single electrode in bridge balance mode.
For a spike of a particular amplitude, the IPSP was first
recorded using an amplifier in current clamp mode. Thenpresynaptic neuron. The rate of change in presynaptic
potential was measured as the maximum slope during the IPSC mediated by an identical presynaptic spike
was recorded by switching the amplifier to the voltagea depolarization (which usually occurred as membrane
potential crossed dark resting potential). IPSP rate was clamp mode. Figure 4A shows typical recordings of an
IPSP and an IPSC mediated by a presynaptic spike ofmeasured as the average slope between 1/4 and 3/4 of
maximum IPSP amplitude. For ramp depolarizations of the same amplitude. Figure 4B, which has a faster time
base, shows the averages of five IPSPs and IPSCs inthe presynaptic neuron, there was no direct relationship
between the amplitude of a presynaptic potential and response to repeated presynaptic spikes. The time
Rate-Sensitive Synapse
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5C are similar but with larger pulse amplitudes (and
also faster rates of presynaptic depolarization). For each
amplitude of presynaptic depolarization, the average
IPSP had the same amplitude and shape for each pulse
duration.
Square depolarizing commands often elicited tran-
sient currents into the presynaptic terminal. These cur-
rents peaked at the same time as an IPSP started to
grow (arrow, bottom traces in Figures 5A–5C). However,
the currents were not directly associated with the regu-
lation of transmitter release because they were not re-
corded when the presynaptic neuron was depolarized
with the shortest pulses, although these were fully effec-
tive at eliciting IPSPs (solid lines, Figures 5A–5C).
The duration of an L neuron rebound spike was in-
versely related to its rate of rise and amplitude. However,
the rise time of an IPSP was unaffected by spike dura-
tion. This is illustrated by recordings of individual spikes
and IPSPs in Figure 5D. Raw recordings are on the left,
and recordings scaled relative to maximum amplitude
are on the right. The time for which an IPSP grew to its
peak was independent of spike duration, which sug-
gests strongly that neurotransmitter is only released
during the depolarizing phase of a spike.
Recovery of Transmission after Depression
After producing an IPSP, the ability of an inhibitory syn-
apse to transmit is depressed, and it recovers gradually
over 1–1.5 s. The time course of recovery from depres-
sion is shown in Figure 6A, which plots the results ofFigure 5. Short-Lasting Presynaptic Potentials Are as Effective as
Longer Lasting Presynaptic Potentials at Mediating IPSPs an experiment in which the presynaptic neuron was
(A)–(C) each show presynaptic pulses of three different durations, stimulated with pairs of pulses separated by various
under voltage clamp control. Each presynaptic pulse and the IPSP intervals. Larger presynaptic pulses caused greater de-
it caused are shown with the same line style (averages of 5). The pression than smaller ones (Figure 6B). The reduced
maximum rates of presynaptic depolarization were (A), 5.4mV/ms; size of the second IPSP of a pair was due to a reduction
(B), 6.7mV/ms; and (C), 8.6mV/ms. Each IPSP was the average of
in the speed with which the postsynaptic neuron hyper-seven repetitions. Presynaptic currents are also shown for the 4 ms
polarized—depression did not alter the time taken forand 30 ms long presynaptic pulses, with arrows indicating the initial
peak transients. (D) Series of single IPSPs evoked by rebound an IPSP to grow to its peak. Figure 6C shows two IPSPs
spikes, produced under current clamp control. On the left, original elicited by identical presynaptic stimuli 100 ms apart.
recordings are shown. On the right, the recording of each spike Displaying the two IPSPs superimposed and at faster
and each IPSP is scaled relative to its maximum amplitude. This time base (Figure 6D) shows that the rate at which the
emphasizes that IPSP duration was the same for each recording,
postsynaptic neuron hyperpolarized was slower for thealthough spike duration was longest for the smallest spikes.
second IPSP (dotted line) than for the first (solid line).
The rate at which the presynaptic neuron depolarized
was the same for the two pulses. Rescaling each IPSPtaken for the IPSP to change from 1/4 to 3/4 of its final
amplitude was 2.8 ms, whereas the equivalent time for relative to its maximum amplitude (Figure 6E) showed
that the time for which the two IPSPs grew was thethe IPSC was 1.5 ms. This indicates that an IPSP that
grew to its peak over 4 ms would be generated by an same—recordings of the first and second IPSP are par-
allel to each other, with the second IPSP beginningIPSC that grew over a period of 2.1 ms. The maximum
period for which neurotransmitter could be released slightly later than the first.
A synapse could recover its ability to transmit whilewas, therefore, 2.1 ms. The time to maximum amplitude
of an IPSC did not change as presynaptic spike ampli- the presynaptic neuron was held depolarized from dark
resting potential (Figure 7). This observation was madetude varied.
in four different experiments in which the presynaptic
neuron was stimulated with pairs of depolarizing pulses.PSPs Mediated by Brief Presynaptic Signals
A consequence of the brief duration for which neuro- The length of the first pulse was either 40 ms or 600
ms, and the length of the second pulse was always 40transmitter is active at these synapses is that the dura-
tion of a presynaptic depolarizing potential affects nei- ms. Figures 7A and 7B show pairs of pulses in which
the delay between the end of the first and start of thether the amplitude nor the shape of an IPSP. This is
shown for pulses under voltage clamp control in Figures second pulse was 200 ms. In Figure 7A, the first pulse
was 40 ms long, and the second IPSP was smaller than5A–5C and for rebound spikes in Figure 5D. In Figure
5A, three different durations of square command pulses, the first IPSP. In contrast, in Figure 7B, the first pulse
was 600 ms long, and the second IPSP was about theall with the same amplitude, were used. Figures 5B and
Neuron
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Figure 6. Recovery of the Synapse from De-
pression
(A) Plot of the time course of recovery of
transmission, measured by depolarizing the
presynaptic neuron from 5mV to 15mV
with pairs of 20 ms long pulses separated by
different intervals. Averages and SD of six
repetitions. There was a delay of 2 s between
the second pulse of one pair and the first
pulse of the next. (B) Recovery of transmis-
sion following different amplitudes of pulse.
Two 20 ms long pulses, 200 ms apart were
produced in the presynaptic neuron. The am-
plitude of the second pulse was kept con-
stant, at 21mV, and the amplitude of the first
pulse was varied. Averages and SD of six
repetitions. (C) Recordings of a single pair of
presynaptic pulses and IPSPs. (D and E) First
and second IPSPs from (C) superimposed
and at a faster time base. In (D), presynaptic
stimuli are also shown. In (E), each IPSP is
rescaled relative to its maximum amplitude.
same amplitude as the first IPSP. A plot of the average and Kandel, 1980; vertebrate brain, Sabatini and Regehr,
1997; Geiger and Jonas, 2000). Third, the amplitude ofrelative amplitude of an IPSP against the interval be-
tween pulses is shown in Figure 7C. For 40 ms long first an IPSP is independent of the peak amplitude of a depo-
larizing potential in the presynaptic neuron. Instead, thepulses, the synapse recovered from depression with a
similar time course to that described earlier (Figure 6A). amplitude of an IPSP is determined by the combination
of sensitivity to rate of presynaptic depolarization andHowever, following a 600 ms long first pulse, the second
IPSP had an amplitude that was similar to that of an a strict limit to the duration of transmission.
Naturally, a means to depolarize an L neuron rapidlyIPSP produced after complete recovery from depression.
is provided by rebound spikes that are produced in
response to rapid decreases in light intensity (Wilson,Discussion
1978b). An effect of the IPSPs is to help ensure that any
rebound spikes that the three L1-3 neurons produce areThe inhibitory synapse between a pair of ocellar L1-3
synchronous. This will help to ensure a brief but strongneurons of locusts depresses remarkably rapidly and
excitation to the third-order ocellar neurons that areprofoundly. It also has a number of other properties that
excited by L1-3 (Simmons, 1981, 1993), providing infor-are unusual compared with other synapses. First, it only
mation about the precise time of a reduction in lighttransmits in response to rapid changes in presynaptic
reaching an ocellus. The third-order neurons project topotential—it requires the presynaptic potential to depo-
the thoracic ganglia and synapse with flight motor neu-larize more rapidly than about 2.5mV/ms, and it does
rons and interneurons (Simmons, 1980; Rowell andnot transmit tonically. A sigmoid function relates the
Pearson, 1983). They are thought to play a role in regulat-rate of presynaptic depolarization to the rate at which the
ing flight attitude by reference to the visual horizon (Wil-postsynaptic potential hyperpolarizes. Second, the syn-
son, 1978a). Information about the exact time of a re-apse releases neurotransmitter in a burst of strictly limited
duction in ocellar illumination might be important forduration. This was shown by the way that different sizes
maintaining flight stability.of IPSP all took the same time to reach their maximum
amplitudes, about 4 ms across experiments. Measure-
ment of postsynaptic currents showed that neurotrans- Speed and Extent of Depression
No other synapse has been shown to depress com-mitter release occurs within a 2 ms period. Consequently,
IPSP amplitude is not influenced by the duration of a pletely within 4 ms, which is nearly as brief as the rise
time for large rebound spikes in L neurons. However,presynaptic spike. This contrasts with a number of syn-
apses in central nervous systems, where the duration of rapid and profound depression is characteristic of sev-
eral synapses in the vertebrate central nervous system.an impulse in a presynaptic terminal does influence PSP
amplitude (e.g., locust thorax, Parker, 1995; Aplysia, Klein For example, when a pair of impulses separated by 10
Rate-Sensitive Synapse
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Hz (Silver et al., 1998). Quite profound synaptic depres-
sion also occurs in the auditory pathways of vertebrates
(Isaacson and Walmsley, 1995; Otis et al., 1996; Borst
and Sakmann, 1996; von Gersdorff et al., 1997; Trussell,
1997; Forsythe et al., 1998). In a vertebrate auditory
calyx, however, the second presynaptic impulse of a
pair always mediates a postsynaptic impulse, no matter
how closely it follows the first presynaptic impulse (Trus-
sell, 1999). This means that synaptic depression is not
as rapid or complete as that at inhibitory synapses be-
tween L neurons. One mechanism for rapid depression
at excitatory synapses in vertebrate auditory and retinal
pathways is desensitization of AMPA receptors, which
can occur with a time constant less than 1 ms (Eliasof
and Jahr, 1997; Lu et al., 1998). However, it is not clear
whether the synapses in which these receptors partici-
pate normally depress as rapidly as this. Other types of
receptors for glutamate usually operate alongside them.
In retinal slices of Necturus, the AMPA receptor-medi-
ated responses desensitize with a time constant as long
as 85 ms (Maguire, 1999).
Synapses in the central nervous systems of inverte-
brates also exhibit depression. In the locust, for exam-
ple, marked depression is reported at excitatory syn-
apses made by mechanosensory afferents with local
impulse-producing interneurons (Burrows, 1992). It is
also reported at synapses between different motor neu-
rons that control muscles of the hind leg (Parker, 1995).
Neither the extent nor the speed of depression at these
synapses matches the extent or speed of depression
shown by the inhibitory synapses between L neurons.
However, it is difficult to make a direct comparison,
because at a synapse where transmission is normally
mediated by large presynaptic impulses, the minimum
interval between impulses is limited by the refractory
period. At the synapses between mechanosensory af-
ferents and interneurons, two impulses separated by
5 ms usually produced a longer-lasting PSP than that
Figure 7. Synapses Recover Their Ability to Transmit while the Pre- mediated by a single impulse (Burrows, 1992). This indi-
synaptic Neuron Is Depolarized cates that transmission did not depress completely dur-
(A and B) Recordings of pairs of presynaptic pulses and the IPSPs ing a single presynaptic impulse.
they mediated. In both, the second pulse started 200 ms after the
end of the first. In (A), both pulses were 40 ms long; in (B), the first
Synaptic Depression in Nonimpulsive Neuronspulse was 600 ms long. An interval of 1.75 s separated the end of
Synaptic depression can be important as a mechanismthe second pulse of a pair from the start of the first pulse of the
next pair. The presynaptic neuron was held at 8mV, and pulses for shaping signals in circuits involving nonimpulsive
depolarized it to 15mV. (C) Plot of the amplitudes of the second neurons, especially in retinas of vertebrates and inverte-
IPSPs relative to the first versus intervals between them. Closed brates. The dynamic properties of graded potential con-
circles indicate that the first pulse was 40 ms long, and the open
veying synapses are not often studied as directly as incircle that it was 600 ms long (200 ms interval between pulses).
this paper, however. In the vertebrate retina, a changeMean and SD of eight repetitions. The mean amplitude of the first
in the membrane capacitance of bipolar cells indicatesIPSP in a pair was 3.6mV. The second IPSP following the 600
ms long first pulse was significantly larger than the second IPSP that they produce an initial burst of vesicle release when
following a 40 ms long first pulse after 100 ms, 250 ms, or 450 ms activated, followed by a slower rate of release (Burrone
of recovery (t test, p  0.001; eight repetitions). and Lagnado, 2000). This corresponds well with a
change in the rate at which the transmitter, glutamate,
is released as measured by responses from glutamate-ms is elicited in a cranial relay interneuron that synapses
with a goldfish Mauthner neuron, the second spike sensitive membranes placed near bipolar cell terminals
(von Gersdorff et al., 1998). In the arthropod compoundevokes a postsynaptic potential (PSP) that is only 8%
of the amplitude of the first (Waldeck et al., 2000). Syn- eye, membrane potential in second-order neurons adapts
more rapidly than that of photoreceptors to light stimuliapses made by climbing fibers onto Purkinje cells also
depress significantly (Dittman and Regehr, 1998), and a (e.g., Laughlin and Hardie, 1978; Laughlin et al., 1987;
Juusola et al., 1995). However, adaptation is not com-train of presynaptic impulses delivered at 10 Hz evokes
postsynaptic currents that are 1/50 the amplitude of plete, and the photoreceptors release neurotransmitter
tonically in darkness (Laughlin et al., 1987; Juusola etthose when presynaptic impulses are delivered at 0.03
Neuron
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al., 1995). In insect and barnacle ocelli, injection of depo- 1991). However, these currents are unlikely to terminate
neurotransmitter release from L1-3 because PSP dura-larizing current into a photoreceptor evokes brief PSPs
in second-order neurons (Simmons, 1982b, 1995; Hay- tion was still brief when the voltage clamp was used to
sustain a depolarizing step in a presynaptic neuron. Theashi et al., 1985). In locust ocelli, the speed of a ramp
of depolarizing current injected into a photoreceptor voltage clamp would oppose any change in the sus-
tained depolarization it produces. The same observationdetermines the amplitude of the postsynaptic response
(Simmons, 1995). also makes it unlikely that autoreceptors or additional
synaptic circuits onto a presynaptic neuron are respon-L neurons 1-3 make different types of synapse that
occupy opposite ends of a spectrum of dynamic proper- sible for limiting the duration of neurotransmitter release.
Presynaptic calcium channels at the L1-3 synapseties. In addition to the phasically transmitting synapses
they make with each other, they make tonically transmit- might themselves be sensitive to the rate of change of
presynaptic potential rather than to its steady state.ting synapses that can sustain transmission apparently
indefinitely (Simmons, 1981, 1993). This suggests that However, there is no precedent for this in the few studies
where calcium currents in presynaptic terminals havethe mechanisms that determine the dynamic properties
of neurotransmitter release are located in individual pre- been related directly to the rate at which neurotransmit-
ter is released (e.g., squid giant synapse, Llina´s et al.,synaptic sites. Many graded potential synapses in ar-
thropod motor systems are able to sustain transmission 1981). Also, voltage-activated calcium currents in fish
retinal bipolar cells only inactivate after a delay of severaltonically. For example, in the locust metathoracic gan-
glion, local nonspiking interneurons can also sustain 100 ms (von Gersdorff and Matthews, 1996). A final pos-
sible mechanism for synaptic depression is a decreasetonic transmission, so that hyperpolarizing as well as
depolarizing responses are transmitted to target neu- in the sensitivity of exocytosis to calcium influx into
presynaptic terminals. This is a mechanism underlyingrons (Burrows and Siegler, 1978). The output synapse
from a nonimpulsive stretch receptor in crab legs also depression at output synapses made by vertebrate reti-
nal bipolar cells (Burrone and Lagnado, 2000). Similarly,sustains tonic transmission (Blight and Llina´s, 1980) and
can potentiate slightly (Lin and Llina´s, 1993). at crustacean neuromuscular synapses, differences in
dynamic properties are related to differences in sensitiv-
ity between synapses to the rate of calcium influxMechanisms for Synaptic Depression
(Msghina et al., 1999). The most likely mechanism forMechanisms for depression established at other syn-
depression at the inhibitory synapses between L neu-apses do not account satisfactorily for the properties
rons is, therefore, a similar reduction in the sensitivityof the inhibitory synapse between L1-3. In particular,
of vesicle discharge to calcium entry into presynapticthey do not account for the ability of the synapse to
terminals.recover from depression while the presynaptic terminal
is held depolarized. This observation emphasizes the
Experimental Procedurestransient nature of transmission—both transmission and
depression only occur in response to a depolarizing
Experiments were performed on 45 adult Schistocerca gregaria,change in presynaptic potential.
taken for our laboratory culture. The brain, within the dissected head
One mechanism for synaptic depression is desensiti- capsule, was prepared for electrophysiology and placed in a small
zation of neurotransmitter receptors. L neurons proba- lucite chamber as described previously (Simmons, 1999). Experi-
ments were performed at room temperature (18C––22C) and inbly release acetylcholine (Leitinger and Simmons, 2000).
near darkness. The depth of saline covering the surface of the brainHowever, although locusts posses a number of types
was kept to a minimum in order to reduce electrical coupling be-of acetylcholine-activated channels (van den Beukel et
tween electrodes.al., 1998), none desensitizes rapidly, and some do not
Glass microelectrodes containing 2 M potassium acetate had DC
desensitize at all (Amar et al., 1995). A second mecha- resistances of 20–40 Mohm. They were connected to two Axoclamp
nism, which has been demonstrated to occur at syn- 2A amplifiers, one of which was used in the two-electrode voltage
clamp mode. All three microelectrodes were inserted into the axonsapses made from vertebrate retinal bipolar cells, is
of L neurons within 200 m of the junction of a lateral ocellar nervedepletion of releasable vesicles (von Gersdorff et al.,
with the brain, within either the nerve or the ocellar tract. Successful1996). Some depletion of vesicles might occur at the
penetration of an L neuron axon was indicated by its characteristicinhibitory synapses made by L neurons, and this is con-
35mV hyperpolarizing response to a 200 ms long pulse of light from
sistent with the way that small IPSPs decay more slowly a green light emitting diode. In order to reduce coupling between
than larger IPSPs. However, vesicle depletion explains the current passing electrode and the two recording electrodes, the
current passing electrode was shielded by painting silver conductiveneither why the time to peak of IPSPs is independent
paint (Electrolube, UK) to within about 250 m of the tip. A layer ofof IPSP amplitude nor how a presynaptic terminal can
clear nail varnish was then painted over the lower part of the conduc-start to recover from depression while it is depolarized.
tive paint to isolate it from the saline. The upper part of the electrodeIn arthropod compound eyes, it has been suggested
was inserted into a copper tube onto which the conductive coating
that local changes in membrane potential caused by of the glass was also painted. The tube was connected to the
extracellular current flow through a basement mem- grounded shield of the amplifier head stage via a relay. The relay
was open when the electrode was advanced toward an L neuronbrane curtail neurotransmitter release from photorecep-
to enable use of the “buzz” button of the amplifier for penetrationtors (Shaw, 1975). Such a mechanism is unlikely at the
of the cell membrane. It was closed whenever current was passedinhibitory synapses between L neurons because no sim-
through the electrode. The voltage clamp was usually stable electri-ilar basement membrane occurs near the terminal arbors
cally for gains up to 2500. A D-to-A converter on a microcomputer
of L neurons. Voltage-activated potassium currents graphics card, controlled by Software written using Borland Turbo
probably also play a role in reducing neurotransmitter Pascal, produced the electrical signals for driving the voltage clamp.
Recordings were acquired to hard disk using a Micro1401 acquisi-release from insect photoreceptors (Weckstro¨m et al.,
Rate-Sensitive Synapse
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tion system controlled by Spike2 Software (Cambridge Electronic modulation underlying presynaptic facilitation and behavioral sensi-
tization in Aplysia. Proc. Natl. Acad. Sci. USA 77, 6912–6916.Devices, UK) and were later analyzed using Spike2 together with
SigmaPlot and SigmaStat (SPSS). Laughlin, S.B., and Hardie, R.C. (1978). Common strategies for light
adaptation in the peripheral visual systems of fly and dragonfly. J.
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